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Abstract 

We have completed a new generation of water vapor radiometers (WVR),  the A- series, in order 
to  support radio science experiments with the Cassini spacecraft. These new instruments sense 3 
frequencies in the vicinity of the 22 GHz emission line of atmospheric  water vapor within a 1 degree 
beamwidth from a clear aperture  antenna  that is co-pointed with the radio telescope down to 10 
degree elevation. The radiometer electronics features almost an order of magnitude improvement in, 
temperature  stability compared with earlier WVR designs. For many radio science experiments, the 
error budget is  likely to be  dominated by path delay fluctuations  due to variable atmospheric water 
vapor along the line-of-sight to  the spacecraft. In order to demonstrate the performance of these new 
WVRS  we are attempting  to calibrate the delay fluctuations as seen by a radio interferometer operating 
over a 21 km baseline with a WVR near each antenna.  The characteristics of these new  WVRS  will be 
described and  the results of our preliminary analysis will be presented indicating an accuracy of 0.2 to 
0.5 mm in tracking path delay fluctuations over time scales of 10 to 10,000 seconds. 

1. Introduction 

Two water vapor radiometers (WVRs) have been constructed in order to calibrate fluctuations 
in the line-of-sight path delay at radio wavelengths due to atmospheric water vapor. These WVRs 
will be used to calibrate  fluctuations  in the Doppler signals during the Gravitational Wave Exper- 
iment (GWE) with the Cassini spacecraft that is scheduled to  start in Dec. 2001 and  repeat  in 
2002 and 2003 during the spacecraft cruise to Saturn.  The  GWE  has been described by Armstrong 
et. al. [l], and  Tinto  and Armstrong [2]. Studies of atmosphere delay fluctuations [3, 41 indicate 
that  this phenomena is  likely to dominate the error budget for the  GWE on time scales of 100 to 
10,000 sec. 

The new WVR is  shown  in Figure 1 and  has been described by Tanner [ 5 ] .  This unit is located 
near Deep Space Station 13 (DSS 13) at NASAs Goldstone complex in the Mojave desert.  In 
the background, slightly to the right of center in the photograph one can also  see the microwave 
temperature profiler (MTP) and  a WVR of earlier design (J-series). 

The WVR measures equivalent blackbody brightness temperature  at 22,  24, and 32 GHz. There 
is a  spectral line originating from a  rotational  transition of the water vapor molecule centered at 
a frequency of the 22 GHz  whose strength is proportional to  the columnar content of water vapor 
along the line-of-sight  which  is related to  the  path delay. 

The radiometer feed illuminates a main reflector of 1 m  diameter in a offset configuration such 
that there is no  blockage of the reflector that could cause scattering  into  the feed. The reflector 
can point in azimuth  and elevation along the same line-of-sight as a nearby large communications 
antenna  and has approximately a 1 degree beamwidth with very low sidelobe levels. Finally, 
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Figure 1. Photo of the new WVR taken at Goldstone near DSS 13. The  MTP  and a J-series WVR 
are shown  in the background to  the right. 

the gain stability of the radiometer had to correspond to roughly 10 mK variation of brightness 
temperature for time scales as long as 10,000 sec. 

2. Performance  Demonstration 

In order to demonstrate the performance of this new media calibration subsystem we examined 
its capability to calibrate  another measurement technique that we knew to be sensitive to line- 
of-sight path delay fluctuations. The experiments were approximately modeled after the ones 
described in references [6, 71 using WVRs of an earlier design. The basic concept of the experiment 
is illustrated schematically in Figure 2. 

Each new WVR was located within 50 m of the base of a 34 m  antenna, located at the Goldstone 
Deep Space Communications Complex in the Mojave desert.  In  our experiments, the  stations DSS 
13 and DSS 15 were  used and  are  separated by approximately 21 km. a used  for additional  snr in 
the following analysis. The WVRs were monitored in real-time but all data reduction was done 
in post-data acquisition. Each WVR measured the brightness temperature along its line-of-sight 
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Figure 2. Schematic  representation of the WVR/CEI comparison experiments 

at sub-second intervals and produced a  time tagged series of data  that included the azimuth, 
elevation. The brightness temperature  data were integrated for 6 sec. These time series were then 
used with two retrieval algorithms [8, 91 to estimate the line-of-sight  delay. The  data from each 
WVR were then differenced to provide a  estimate of the differential phase delay between the two 
stations that could then be compared with the Connected Element Interferometer (CEI) residual 
phase delay. Finally, we calculate the Allan Standard Deviation [lo] of the interferometer phase 
residuals is before and  after correction by the WVR data in order to  estimate  the ability of the 
WVRs to calibrate atmospheric fluctuations as a function of time.  This  quantity is directly related 
to  the requirements set by the Cassini GWE. 

Typically the experiments were scheduled during night time hours using a two antenna  CEI 
configuration. Only very strong sources (S > 1 Jy) whose positions were  very  well  known (accuracy 
of better  than 0.2 mas) were used. The objective in these experiments was to directly probe the 
quality of phase delay calibration on time scales of 10 to 10,000  sec under conditions similar to 
what is expected during the Cassini GWE. Each scan was scheduled for  1560  sec (i.e. the  duration 
of a single pass on the Mark IV tape recorder). Several passes produced less data due to a variety 
of instrumental problems or operator  errors. 

The correlation process on the  CEI  data uses a priori estimates of several parameters in order 
to produce residual path delay and delay rate. Our fringe fitting software 1111 removes a  term in 
the phase delay estimate which is linear in time.  This  results in a  estimate of phase delay that is 
zero mean over the entire scan. A similar linear rate was  removed  from the differenced time series 
of path delay for the WVRs 

Figure 3 and  4  illustrate  the best tracking accuracy we observed. In Figure 3 we plot the 
residual delay of the interferometer from scan 11 (day 240,  1999) after accounting for  all geometric 
effects together with the differenced WVR delays and removing a linear trend in the differenced 
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WVR data.  The rms of the CEI data in this plot  is  0.65  mm and the correlation between the 
two data types is obvious. In Figure 4, we use the differenced WVR data to calibrate the CEI 
data.  The rms of the residual in this case is reduced to 0.21  mm of path delay. Figure 5 shows 
the distribution of residuals for  each step of the  data analysis in scan 11. In panel (a) the CEI 
residuals are  plotted, in panel (b) the differenced WVR data,  and in panel (c) the calibrated  CEI 
data.  The reduction in variance is clearly evident. 

Figure 6 plots the Allan Standard deviation as a function of integration  time for scan 11. The 
dotted line in the each panel is the requirement for media calibration  during the Cassini GWE. 

3. Discussion 

We have described the results from a preliminary analysis of a single scan from a series of 
experiments to  that  are designed to determine the performance of a new generation of WVR. 
During each scan in these experiments we observed a different radio source and tracked over a 
range of azimuth  and elevation angles. When the WVR data is  used as a  calibration, the CEI 
residuals are reduced by a factor of 2 to 3. 

The distribution of the calibrated data, as illustrated in the bottom panel of Figures 5 represent 
the  quadratic sum of CEI  errors plus WVR errors. In order to assess the performance of the new 

CEI ms = 0.65 mn 
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Figure 3. Residual delay of the connected element interferometer together with the residual delay 
of the differenced Water Vapor Radiometers for scan 11. Both data types mapped to zenith. The 
actual  azimuth was 97 deg. and  the elevation 29 deg. 
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Figure 4. Residual delay of the connected element interferometer during scan 11 after correction 
by the differenced WVR data. 
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Figure 5. Histogram of the residuals from scan 11. Top panel shows the residual CEI  path delay 
and  the  bottom panel shows the calibrated CEI data. 
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Figure 6. Allan standard deviation versus interval for 11 from DOY 240. Each plot shows the CEI 
residuals, the differenced WVR data,  the calibrated  CEI data (CEI-dWVR),  and the requirements 
for the Cassini GWE. 

WVR we must independently assess the error budget for each technique. For the WVRs, the 
components of the error budget are: a) Precision, b) Stability, c)  Beam  Size, d)  Separation from 
main antenna,  and  e) Retrieval accuracy[l2, 131. 

For the  CEI  data  the components of the error budget are  are most important  in these tests are; 
a) Electronics stability, b)  Instrumental delay mis-modeling (including antenna deformation and 
subreflector motion), and c) Baseline accuracy. All of components must be reduced or estimated 
in order to infer the intrinsic accuracy of the WVRs. Our preliminary results  strongly suggest that 
this  error budget must be critically reevaluated and  this process is underway. Data analysis and 
additional experiments aiming to explore longer time scales are underway. 
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